Self-assembling peptides and peptide derivatives bearing cell-binding ligands are increasingly being investigated as defined cell culture matrices and as scaffolds for regenerative medicine. In order to systematically refine such scaffolds to elicit specific desired cell behaviors, ligand display should ideally be achieved without inadvertently altering other physicochemical properties such as viscoelasticity. Moreover, for in vivo applications, self-assembled biomaterials must exhibit low immunogenicity. In the present study, multi-peptide co-assembling hydrogels based on the beta-sheet fibrillizing peptide Q11 (QQKFQFQFEQQ) were designed such that they presented RGDS or IKVAV ligands on their fibril surfaces. In co-assemblies of the ligand-bearing peptides with Q11, ligand incorporation levels capable of influencing the attachment, spreading, morphology, and growth of human umbilical vein endothelial cells (HUVECs) did not significantly alter the materials' fibrillization, beta-turn secondary structure, or stiffness. RGDS-Q11 specifically increased HUVEC attachment, spreading, and growth when co-assembled into Q11 gels, whereas IKVAV-Q11 exerted a more subtle influence on attachment and morphology. Additionally, Q11 and RGDS-Q11 were minimally immunogenic in mice, making Q11-based biomaterials attractive candidates for further investigation as defined, modular extracellular matrices for applications in vitro and in vivo.
INTRODUCTION
Hydrogels constructed through self-assembly are receiving increasing attention for a variety of biomedical and biotechnological applications, including scaffolds for regenerative medicine [1, 2] , the controlled release of therapeutics [3] [4] [5] [6] , and defined cell culture matrices [7, 8] . Selfassembled materials are advantageous for biological applications because of their precise chemical definition, their ability to form complex fibrillar or network structures from easily synthesized precursors, and the possibility of combining more than one molecule into coassemblies having multiple different functions. Given that cells integrate and respond to an extraordinarily complex mixture of physical, chemical, and biological signals, these advantages can be further exploited if the individual molecular constituents can be adjusted independently, without changing other properties such as the viscoelasticity of the matrix as a whole. Such modularity enables a systematic tuning of the physical, chemical, and biological milieu that ultimately dictates how cells behave [9, 10] .
Beta-sheet fibrillizing peptides [7, 8, [11] [12] [13] [14] [15] [16] [17] [18] [19] and peptide amphiphiles [2, [20] [21] [22] have received particular attention recently as defined matrices for cells owing to their stimulus-sensitive fibril formation, their ability to form hydrogels, their ease of synthesis, and the availability of many amino acid sequences known to influence cell behavior through the binding of integrins and other receptors. Self-assembling fibril-forming peptides terminally modified with such cellbinding ligands have recently been utilized to influence the attachment of fibroblasts [18, 19] , the proliferation and gene expression of mouse neural stem cells [14] , the differentiation behavior of pre-osteoblasts [8] , and the proliferation of endothelial cells [15] . These previous studies have been performed using the RAD16 peptide [8, 14, 15] self-assembling sequences from laminin [18] , or self-assembling sequences from transthyretin [19] , demonstrating that several different β-sheet fibril-forming peptides are capable of presenting bioavailable ligands on their surfaces. However, previous studies have also found that the incorporation of ligands within β-sheet fibrillar hydrogels can significantly alter their mechanical properties [15, 23] , complicating the interpretation of cell behavior on these materials. Mechanical variability in ligand-bearing fibrillar assemblies can be mitigated by adsorbing the peptide fibrils onto stiff surfaces such as polystyrene culture dishes [18, 19] , but this strategy is not applicable for 3-D fibrillar gels or for cases where modulating matrix stiffness is desirable. In gels, previous efforts have sought to produce uniformly stiff matrices by co-assembling ligand-bearing peptides into a background of unmodified peptides [8, 15] , but the mechanical variability of such matrices has to our knowledge not been reported. Controlling the mechanical properties of these materials is important given the growing awareness of how significantly a material's stiffness can dictate cell adhesion, proliferation, and differentiation [13, [24] [25] [26] . Although most previous work regarding substrate mechanics has been conducted on polymeric substrates, recent examples using self-assembled peptides have reiterated the impact of gel stiffness on cell behavior [13, 17] . Without the ability to adjust ligand presentation in self-assembled matrices while at the same time controlling mechanical properties, it will be difficult to systematically clarify the contributions of both factors. Additionally, as self-assembled peptide biomaterials move towards clinical applications, their potential for engaging immune responses needs to be clarified. Both their non-native amino acid sequences and their highly oligomerized structures could in principle contribute to immunogenicity [27] [28] [29] . Previous reports have described nonimmunogenic unfunctionalized fibrillar peptide assemblies [16] and non-inflammatory ligandbearing assemblies [2, 30, 31] , but antibody production against ligand-bearing β-sheet assemblies has not been directly investigated.
In the work described here, we investigated the co-assembly, gelation, ligand presentation, mechanical properties, and immunogenicity of peptide hydrogels based on the sequence QQKFQFQFEQQ (Q11), which has previously been utilized by our laboratory for producing substrates for endothelial cells with adjustable stiffness [13] . In the present work, we investigated co-assemblies of Q11 with peptides having Q11 at their C-termini and one of two different ligands, RGDS or IKVAV, at their N-termini. The RGDS sequence found in fibronectin, laminin, vitronectin and many other extracellular matrix proteins is well known to enable cell attachment for many cell types by binding multiple integrins including α 3 β 1 , α 5 β 1 , α v β 3 and several others [32, 33] . The peptide IKVAV, from a cryptic sequence near the carboxy-terminal end of the 1 chain of laminin-111, is perhaps most widely known in the field of biomaterials as a modulator of neuronal cell attachment and neurite outgrowth [2, 34, 35] . It has also been found to influence the attachment, migration, morphology, and matrix remodeling of endothelial cells as well [36] [37] [38] [39] [40] , though these mechanisms are not fully understood and appear to be context-dependent, illustrating the need to investigate the effect of this peptide in highly defined systems such as the one described here.
MATERIALS AND METHODS

Peptide design and synthesis
All ligand-bearing peptides possessed the same basic construction, consisting of two Nterminal Gly residues, the ligand sequence, a triglycine spacer, and a C-terminal Q11 sequence (Table 1) . Biotinylated versions of these peptides included an additional N-terminal biotin and a Ser-Gly-Ser-Gly spacer. Peptide synthesis reagents were purchased from NovaBiochem. All peptides were synthesized on a CS Bio 136 automated peptide synthesizer using standard Fmoc-based solid phase chemistry, HOBt/HBTU activation, and Rink amide AM resin (NovaBiochem cat# 01-64-0038) or Wang resin (NovaBiochem cat# 01-64-0014). All peptides were N-terminally acetylated or N-terminally biotinylated with biotin-ONp (NovaBiochem cat# 01-63-0116), cleaved using conventional TFA/TIS/H 2 O cocktails, and collected by precipitation in diethyl ether. For purification and peptide entrapment experiments, a Varian ProStar HPLC system was utilized with a Vydac 214TP C4 reverse-phase column and wateracetonitrile gradients. Peptides were stored as lyophilized powders at −20°C until experimentation. Similar to other β-sheet fibril-forming peptides, diminished solubility was periodically observed for Q11 and ligand-bearing Q11 peptides that had been stored for longer than several months, but solubility could be completely restored by dissolving them in a small amount of neat TFA for 15 min, re-precipitating in diethyl ether, and re-dissolving in water.
Gel formation and bulk measurements of peptide entrapment
Peptides were dissolved in water at specified concentrations and sonicated with a probe-type ultrasonicator to ensure complete dissolution. Overlaying these peptide solutions with Dulbecco's phosphate buffered saline (PBS) for 40 min induced complete gelation in the peptide layer without mixing of the two layers. Gels were cast in culture inserts for cell experiments, microcentrifuge tubes for bulk analysis of peptide entrapment, and on the lower plate of an oscillating rheometer for viscoelasticity measurements. For cell culture experiments, which required exceptionally smooth surfaces in order to minimize any contributions of gel topography to cell behavior, prior to PBS addition the peptide solutions were incubated at 4°C overnight in culture inserts in sealed multi-well culture plates, which increased the viscosity of the peptide layer so that it was completely undisturbed by the addition of PBS. To measure the entrapment of ligand-bearing peptides, peptide solutions were prepared containing 20 mM total peptide, 5-50% ligand-bearing peptide, and the balance Q11. Mixed peptide solutions were overlaid with PBS, incubated for 1 h, washed three times with PBS for 30 min each, dissolved by mixing 1:2.3 with TFA, and analyzed on a C4 HPLC column. Relative peptide concentrations were determined by measuring peak areas at 215 nm, and gelled samples were compared with ungelled solutions to determine if any peptide leaching or unpredictable incorporation occurred. Gels were formed and measured in triplicate.
Transmission electron microscopy
Solutions of 1.5 mM aqueous peptide were mixed 1:2 with PBS, vortexed, sonicated, and allowed to fibrillize overnight at room temperature. Fibrils were then applied to 400 mesh carbon grids, stained with 1% uranyl acetate, and analyzed immediately using TEM (FEI Tecnai F30). For colloidal gold staining, grids with adsorbed fibrils were floated on droplets of 1% bovine serum albumin (BSA) to block non-specific binding, washed with distilled water, floated on droplets of 1 μg/mL streptavidin-colloidal gold conjugate (Invitrogen cat# A-32360), washed again, and stained with 1% uranyl acetate. This technique is similar to previously reported methods [19, 41, 42] .
Circular dichroism spectroscopy
An AVIV 202 CD spectrometer (Aviv Biomedical, Lakewood, NJ, USA) was used with 0.1 cm path length quartz cells. To ensure that measurements were made on freshly assembled structures rather than on aged aggregates that could have formed during storage, immediately prior to CD experiments all peptides were dissolved in a small amount of neat TFA for 15 min, precipitated and washed extensively with diethyl ether, and dried for approximately 1 h in a vacuum desiccator. Peptides were then dissolved in degassed water, and their concentrations were adjusted to 1 mM using phenylalanine absorbance at 257 nm. Solutions of Q11 and mixtures containing 10% RGDS-Q11 or IKVAV-Q11 and 90% Q11 were diluted to a working concentration of 300 μM in CD-compatible buffer (4.3 mM KH 2 PO 4 , 1.4 mM Na 2 HPO 4 , 140 mM KF, pH 7.4) and analyzed immediately. Triplicate scans with a 1 nm step size were averaged at 25°C.
Oscillating rheometry
A Bohlin Gemini rheometer (Malvern Instruments Ltd., Malvern, UK) with an 8 mm parallel plate configuration was utilized. Gels were produced in situ on the bottom plate using a filter paper template with an 8 mm diameter hole. The template was pre-saturated with PBS, and peptide solutions were pipetted into it. The peptide solution was then gently overlaid with additional PBS and enclosed in a humidified chamber to minimize drying. After 40 min gelation, the PBS and template were removed, leaving a circular gel of 8 mm diameter. The top plate was lowered onto the gel until the top plate was completely and uniformly contacted, and frequency sweep measurements were performed from 0.01-10 Hz in a closed, humidified chamber at 0.1% strain. Three independent gels were tested at each formulation.
Endothelial cell culture
Primary human umbilical vein endothelial cells (HUVECs), Endothelial Growth Medium (EGM)-2, and subculture reagents were purchased from Lonza. HUVECs were maintained in EGM-2 containing 2% fetal bovine serum at 37°C/5% CO 2 and subcultured according to the supplier's protocols. To produce gels for culture experiments, 60μL of peptide solutions were pipetted into 24-well culture inserts (transparent PTFE membrane, 0.4 μm pore size, 1.13 cm 2 area, Fisher cat# PICM-01250). Prior to adding medium and seeding cells, these solutions were incubated at 4°C overnight, which increased their viscosity so as to minimize surface perturbations upon PBS addition. Subsequent pipetting of PBS over these peptide solutions produced smooth gels with no surface features discernable by phase contrast microscopy. To adsorb fibronectin (FN), the gels were incubated under a solution of human plasma FN (Sigma cat# F2006, 100 μg/mL in EBM-2, Lonza cat# cc-3156) overnight.
Cell attachment, spreading, and growth
HUVECs were seeded at a density of 8,850 cells/cm 2 on top of Q11 gels and on uncoated inserts. After one hour, the medium was removed, and unattached and loosely adherent cells were removed with serial PBS washes. Cells were fixed with 3.7% paraformaldehyde and permeabilized with 0.1% Triton X-100 for 30 min, respectively. Nuclei were stained with 10 ng/mL 4′,6-diamidino-2-phenylindole (DAPI), and f-actin was stained with phalloidin. Using epifluorescence microscopy, six non-overlapping images per gel were collected, and nuclei per gel were counted. Average projected areas were calculated by dividing the total phalloidinstained area by the number of nuclei using ImageJ software. To measure cell growth, HUVECs were seeded on gels, cultured in serum-supplemented EGM-2 for 64 h, and analyzed with an MTS-based proliferation assay (Promega cat# G3582) according to the manufacturer's protocols. Absorbance values were converted to the number of cells per unit area using a standard curve. Peptide cytotoxicity was measured using the same MTS assay after incubating confluent monolayers of HUVECs for 24 h in EGM-2 containing 0.01-1.0 mg/mL peptide.
Higher peptide concentrations than these were not possible because gels were formed in the culture medium and disrupted the subsequent MTS assay. Controls included cultures without peptide, cultures that had been fixed with absolute ethanol, and wells without cells.
Peptide immunogenicity
C57BL/6 mice (6 weeks old, female, Taconic Farms, IN) were housed and fed in our institution's Animal Facility. All Q11-based peptides were purified to >98% purity, and all peptide injections contained <0.06 EU/mL endotoxin, as measured by LAL chromogenic endpoint analysis (Lonza cat# 50-647U). Q11, RGDS-Q11, and 10% RGDS-Q11/90% Q11 were dissolved in sterile water. Peptide stocks were mixed 1:3 with sterile PBS to produce fibrillized peptides at concentrations of 2 mM. Mice were immunized subcutaneously with 100 μL of these solutions of fibrils and boosted after 4 weeks with an additional 50 μL of fibril solutions. Positive control mice received equivalent doses of an antigenic peptide from ovalbumin (OVA, residues 323-339, sequence ISQAVHAAHAEINEAGR, [43, 44] , 91% purity) in complete Freund's adjuvant (CFA), with boosting in incomplete Freund's adjuvant (IFA). Negative control mice received injections of sterile PBS. After 5 weeks, the mice were sacrificed, their sera were collected, and anti-peptide IgG was detected in the sera using ELISA. To maintain identical peptide fibrillization, peptides were prepared for coating onto ELISA plates in the same way as they were for immunizations. Peptide samples were then diluted in PBS to 20 μg/mL and adsorbed onto high-binding ELISA plates overnight at 4°C. Washing steps were performed with 0.5% (v/v) Tween 20 in PBS (PBST), and plates were blocked with 1% BSA in PBST. Sera were serially diluted and applied to the plates. Bound mouse IgG was detected with peroxidase-conjugated goat anti-mouse IgG (H+L) (Jackson Immuno Research Laboratories cat# 115035003), and titers were determined by identifying the highest serum dilution having an absorbance greater than three standard deviations above the mean of the negative controls (PBS-injected mice). To ensure binding of the peptide to the plate, ELISA was additionally performed using streptavidin-coated plates (20μg/mL, coated overnight at 4°C
) and biotinylated peptide fibrils. Biotinylated fibrils were created by co-assembling 1% biotinylated versions of the peptides into the samples (see Table 1 ). Mixed fibrils of Q11 and RGDS-Q11 contained biotinylated versions of both peptides, with 1% total biotinylated peptide. Serial dilutions of sera from negative control mice all had low background absorbances that were statistically identical to each other by ANOVA for dilutions as low as 1:10 for the adsorbed peptide ELISA and 1:100 for the bound peptide ELISA. Because of this, experimental groups were not analyzed in dilutions lower than this, and mice showing no positive titers were reported as having titers of 10 −1 and 10 −2 , respectively. In all animal work, institutional guidelines for the care and use of laboratory animals were strictly followed under a protocol approved by our Institutional Animal Care and Use Committee.
Statistical analysis
Attachment, spreading, proliferation, cytotoxicity, and rheometry experiments were analyzed by one-way ANOVA with post-hoc comparisons. Experiments having residuals with equal variances (attachment, spreading, proliferation, and rheometry) were analyzed using Tukey's HSD post-hoc comparisons, and experiments with normal but unequal variances (cytotoxicity) were analyzed using Tamhane's T2 post hoc comparisons [45, 46] .
RESULTS and DISCUSSION
Peptide synthesis, gelation, and bulk co-assembly
We encountered no significant synthetic difficulties for any of the peptides reported, and all Q11-based peptides were soluble in water at concentrations up to at least 40 mM. Selfsupporting, translucent gels were formed, however, when aqueous solutions of 10-40 mM Q11 were overlaid with PBS. With careful pipetting, the underlying peptide layer and overlying PBS layer did not mix, and gelation was induced in the peptide layer by the diffusion of buffer constituents into it from the PBS. After gelation, the PBS layer could be removed and replaced with additional buffer or media. In addition, incubating Q11 solutions overnight at 4°C prior to the PBS overlay increased the viscosity of the Q11 solution slightly, resulting in an extremely smooth gel surface. These smooth gels allowed subsequent cell attachment, spreading, and proliferation experiments to be conducted without variability in gel topography. To investigate the co-assembly of multiple Q11-based peptides within these gels on a bulk scale, we measured the composition of peptide mixtures with HPLC before and after gelation (Figure 1) . By comparing the peptide ratios of pre-gelled solutions with those that had been gelled and washed using PBS, it could be determined whether any of the co-assembled peptides leached out of the gels. It was found that RGDS-Q11 was quantitatively incorporated into Q11 matrices at every concentration tested, up to 44% RGDS-Q11/56% Q11. For IKVAV-Q11, no deviation was observed as high as 21% IKVAV-Q11/79% Q11, but at 38% the concentration of IKVAV-Q11 was 3.2% higher in gels than in pre-gelled solutions, indicating that at higher concentrations IKVAV-Q11 may disrupt the assembly of Q11. However, at lower levels of incorporation used in the subsequent experiments, 10 mol %, both RGDS-Q11 and IKVAV-Q11 were quantitatively incorporated. This feature enabled the production of gels with precisely defined incorporation of multiple peptides simply by mixing them in solution and inducing gelation.
Effect of ligand incorporation on fibrillization, secondary structure, and viscoelasticity of Q11 gels
Cellular responses to ligand-presenting materials can be strongly affected by the material's stiffness [24] [25] [26] , so having independent control over both ligand incorporation and viscoelasticity is important for systematically optimizing such materials for driving a desired cell phenotype [9] . In order to determine whether the incorporation of ligand-bearing Q11 peptides altered the fibril morphology or stiffness of Q11-based gels, we employed TEM, circular dichroism, and oscillating rheometry. We focused on peptide mixtures containing 1:10 ratios of ligand-bearing peptides to Q11 based on previous investigations showing that this level of RGD incorporation significantly increased HUVEC proliferation in gels stiffened by native chemical ligation [13] . In addition, bulk analyses showed that this ratio was quantitatively incorporated, with no leaching or disruption of self-assembly. Scrambled versions of the ligand-bearing peptides (RDGS-Q11 and VAKVI-Q11) were also evaluated, as they were later employed as negative controls in subsequent cell culture experiments. Using TEM with negative staining, it was observed that none of these four peptides significantly altered the fibrillization of Q11 when combined in a 1:10 ratio with Q11 ( Figure 2 ). Each peptide mixture containing 90% Q11 and 10% RGDS-Q11, IKVAV-Q11, RDGS-Q11 or VAKVI-Q11 formed fibrils having widths of approximately 10-20 nm and morphologies similar to 100% Q11 fibrils. There was no evidence of morphologically distinct subpopulations of fibrils that might indicate segregation of the peptides into mutually exclusive fibrils, so it was assumed that the mixed peptides formed co-assembled fibrils, a finding that was later verified using colloidal gold staining, described below. These fibril morphologies were also consistent with other previously reported β-sheet fibrillar peptides [47, 48] . Significant lateral aggregation was observed for all samples, although it is difficult to conclusively relate the observed interfibrillar interactions to those that may occur in the gels given that the samples were adsorbed and dried onto TEM grids.
Using circular dichroism (CD) spectroscopy, we investigated whether the incorporation of 10% RGDS-Q11 or IKVAV-Q11 significantly changed Q11's secondary structure. \Q11 displayed a positive band at 206 nm and a negative band at 224 nm (Figure 2f ), consistent with previous reports for Q11 [49, 50] and the related peptide Ac-QQRFQWQFEQQ-Am [51] , indicating a predominantly β-turn structure [47, 48] . This secondary structure is distinct from other self-assembling β-sheet peptides such as RADA16-I, which exhibits β-sheet structure [15] . The secondary structure of Q11 was maintained for mixtures of 10% RGDS-Q11 or IKVAV-Q11 with 90% Q11. In a further confirmation of the TEM results, these CD data indicated that the presence of the ligand-bearing peptides did not significantly alter the morphology of Q11 fibrils. Had the incorporation of the ligand-bearing peptides into Q11 fibrils significantly altered the β-sheet folding of Q11, one would expect to see more significant spectral changes. Additionally, had the ligand-bearing peptides assembled into distinct fibrils, one would expect to see additional spectral features added to the baseline of Q11's spectrum. Note that the CD spectra have been plotted in terms of ellipticity (mdeg) rather than mean residue ellipticity owing to the fact that some samples were mixtures of different peptides.
Having established that ligand incorporation did not alter fibril morphology, the viscoelasticity of Q11-based gels was subsequently investigated. In previous work, we found the stiffness of Q11 gels to be dependent on peptide concentration, with storage moduli ranging from 1-10 kPa for gels having peptide concentrations between 5-30 mM, respectively [13] . Such concentration-dependent stiffness has also been observed for other self-assembling peptide gels [17] . In the present work, gels containing 30 mM total peptide and 10% RGDS-Q11, 10% IKVAV-Q11, or 5% RGDS-Q11/5% IKVAV-Q11 were compared with unmodified Q11 gels. All four formulations demonstrated strain-insensitive behavior at oscillation frequencies between 0.01 Hz and 10 Hz, loss moduli (G″) that were about one order of magnitude smaller than storage moduli (G′), and no crossing of G′ and G″ at any frequency (Figure 3a) . That is, each formulation exhibited the rheological characteristics of a cross-linked gel. Average storage moduli varied less than 2.5 kPa between groups, and evaluation of multiple gels did not reveal statistically significant differences between Q11 and ligand-bearing gels ( Figure  3b ). It is possible that statistical significance may be revealed with a larger sample size, but even if this were to be the case, the differences between groups are much smaller than those that have previously been found to affect cell behavior [25] . In the present experiments, the only statistically significant difference observed was for the loss modulus of the 10% RGDS-Q11/90% Q11 gels, which was slightly higher compared with the other gel formulations. However, small variances in G″ have not been previously associated with differential cell behavior. Because ligand incorporation had such a minimal impact on the gels' viscoelasticity, this enables the simultaneous and independent adjustment of both ligand presentation and gel mechanics, for example by combining ligand-bearing peptides with covalent stiffening strategies [13] or by changing peptide concentration [17] . Having the ability to independently adjust both these aspects enables systematic adjustment of these matrices to achieve desired biological responses [9] . Moreover, RGDS and IKVAV are significantly different in terms of their chemical properties, RGDS being neutrally charged and hydrophilic, and IKVAV being positively charged and comparatively hydrophobic, suggesting that it would be possible to coassemble a wide range of other peptide sequences within Q11 gels.
Visualization of ligand presentation on Q11 fibrils
Using N-terminally biotinylated peptides, avidin-conjugated colloidal gold, and TEM, the display of the ligands by the peptide fibrils was visualized. Fibrils of biotin-RGDS-Q11, biotin-IKVAV-Q11, and mixtures of the ligand-bearing peptides with Q11 all stained specifically and strongly with avidin-gold compared to Q11 (Figure 4 ). This indicated that the N-termini of these peptides, and presumably their N-terminal ligands, were located on the surface of the fibrils. In the TEM images, some amount of resolution was sacrificed during blocking and gold labeling (see methods), but the fibrils were clearly visible. The gold labeling was distributed along the surface of the fibrils for each of the biotinylated groups, and for mixtures of peptides there was not significant evidence of segregation into distinct fibrils. This indicated that the peptides co-assembled into fibrils containing both peptides. Although it was clear that the RGDS and IKVAV ligands were present on the fibril surface, it was not clear whether all of them were present or whether there existed some degree of heterogeneity in fibril structure. However, the morphologic similarities between the ligand-bearing co-assemblies and pure Q11 (Figure 2) , as well as the gold labeling, suggested that most of the ligand sequences were not buried within the peptide fibrils. Such burial might be expected to induce greater morphological changes than those observed. Subsequent cell culture experiments, described below, further supported that these ligands were functionally available.
Modulation of cell attachment, spreading, and growth in HUVEC cultures
The behavior of HUVECs on Q11 gels was modulated by the inclusion of RGDS-Q11 and IKVAV-Q11 in the matrix. One hour after seeding, the attachment of HUVECs to 30mM peptide gels containing 10% RGDS-Q11 was fivefold greater than on Q11 gels. In addition, cell attachment was as extensive on RGDS-bearing gels as on fibronectin-adsorbed Q11 gels, a highly adhesive surface (Figure 5a ). HUVECs did not attach, spread, or proliferate to any degree on unmodified culture inserts. The response to RGDS-Q11 was specific, as the scrambled RDGS-Q11 peptide abolished this effect. Collectively, these cell attachment data in conjunction with the TEM and CD data indicated that the RGDS ligand was presented by the peptide fibrils and available for specific cell binding, even in serum-containing medium. The inclusion of 10% IKVAV-Q11 also increased HUVEC attachment, but to a lesser degree. This increased attachment was statistically significant by t-test compared with Q11 and the scrambled VAKVI-Q11 (p= 0.002 and 0.01, respectively), but it barely failed to reach statistical significance by ANOVA when compared within the experiment as a whole (p= 0.06 with Tukey's HSD post-hoc test). These results are interpreted to mean that IKVAV-Q11 had a detectable but small effect on HUVEC attachment. This small effect of IKVAV on HUVEC adhesion was not altogether unexpected, because in previous work it was found that surfacebound IKVAV only slightly increased endothelial cell attachment, while at the same time inducing a more spindle-shaped, migratory morphology [36] [37] [38] . The similar response induced by IKVAV-Q11 on HUVECs, along with the sequence specificity indicated by the scrambled peptide control, suggested that the IKVAV sequence was also displayed by the Q11 fibrils. To observe a more dramatic effect of this peptide on different cell types, it may be interesting in future work to investigate Q11-based matrices in cultures of primary neurons or neuronal cell lines, as IKVAV has been shown to modulate neuronal cell behavior in a variety of different biomaterials contexts [40, [52] [53] [54] .
Cell spreading at short time points was less affected than overall attachment by the inclusion of ligands (Figure 5b) . At one hour, only 10% RGDS-Q11 gels showed a significant increase in spreading over unmodified Q11, and this difference was relatively small. At later time points, however, much larger differences in cell spreading and morphology were observed by phase contrast microscopy. After three days, FN-coated and 10% RGDS-Q11 gels showed significantly more cell coverage in comparison to unmodified Q11, the scrambled RDGS-Q11 control surface, or IKVAV-containing gels ( Figure 6 ). On FN-coated and RGDS-Q11-containing matrices, HUVECs exhibited morphologies approaching a normal cobblestone appearance, whereas the IKVAV-Q11-containing surfaces promoted a more spindle-shaped, elongated morphology with far fewer cells. With an MTS-based proliferation assay, cell growth was quantified at this time point (3 days, Figure 5c) , showing that 10% RGDS-Q11 gels supported increased cell growth at a rate between Q11 and fibronectin-coated Q11. Similarly to cell attachment, the scrambled RDGS-Q11 did not produce this effect. Proliferation was not measured directly, so it was not determined whether the higher cell numbers after 3 days were a result of improved early adhesion or an increase in proliferation, but it is likely that both mechanisms contributed. Looking more closely at the RGDS-containing gels, additional cultures were followed for up to seven days, after which both RGDS-containing and fibronectin-adsorbed gels exhibited confluent monolayers with normal cobblestone morphology ( Figure 7 ). This was in contrast to unfunctionalized Q11 gels, which showed only sparse clusters containing a few cells each. Taken together, the cell attachment, spreading, and growth data indicated that RGDS-Q11 assembled in such a way that the RGDS ligand was specifically available on the surface of the fibrils for modulating cell behavior. The effect of IKVAV was more subtle, as proliferation was not increased, but similar to previous observations [36] , HUVECs on IKVAV-containing gels exhibited a more spindle-shaped morphology, contrasting with the cobblestone appearance on FN or RGDS-containing gels. It has been found previously that IKVAV may promote a more migratory phenotype of endothelial cells [36, 55] , which is consistent with our findings. This aspect could be further clarified with more focused cell migration or invasion assays. Additionally, previous work has indicated that IKVAV promotes active collagen IV metalloproteases, which could liberate additional soluble signals from the ECM [36] . With a defined system such as the one presented here, this mechanism could be more systematically explored.
Non-cytotoxicity and non-immunogenicity of Q11-based peptides
Glutamine-rich β-sheet-forming peptides that are significantly longer than Q11 can be cytotoxic, especially when the polyglutamine stretches are longer than 37 residues [56] . Understanding the cytotoxicity of Q11 and its derivatives is necessary for guiding the future development of Q11-based peptides as biomaterials, and also for determining that the variable cell attachment, spreading, and growth of HUVECs observed in the present study did not arise from differences in cytotoxicity. In confluent cultures of HUVECs, none of the Q11-based peptides were found to be cytotoxic at any concentration tested (Figure 8a ), eliminating this possibility and clearing the path for employing these peptides in vitro.
To understand the applicability of Q11-based materials for vivo applications, it is necessary to characterize their immunogenicity. Aggregation, polymerization, or assembly can increase peptide and protein immunogenicity, often unpredictably [27] . For ligand-bearing selfassembled β-sheet fibrillar biomaterials, previous reports have demonstrated minimal inflammatory responses in vivo [2, 30, 31] , but an investigation of IgG production against such scaffolds has not previously been reported. To evaluate immunogenicity, we immunized and boosted C57BL/6 mice with Q11, RGDS-Q11, or mixtures of the two peptides, and we measured the production of anti-peptide IgG in the mice's sera using ELISA. IKVAV-Q11 was not evaluated owing to its more subtle activity in the cell culture experiments. Despite the fact that the Q11-based peptides formed fibrils of non-native amino acid sequences, very low immunogenicity was found (Figure 8b, c) . To ensure that these low readings were not a result of poor peptide binding to the ELISA plates, IgG levels were measured both on plates coated with adsorbed peptide (Figure 8b ) and on plates where the peptides were bound via streptavidinbiotin (Figure 8c ). These assays were sensitive to dilutions as low as 1:10 for the adsorbed peptide and 1:100 for the bound peptide (see methods). Only one mouse produced an IgG titer above background for RGDS-Q11, detectable only with the bound peptide ELISA (Figure 8c) . No mice in the Q11 or 10% RGDS-Q11/90% Q11 groups showed positive responses, in contrast with the positive control mice, two of which showed an intense response with high titers of anti-OVA IgG, both by the adsorbed peptide ELISA and the bound peptide ELISA. One positive control mouse resulted in a failed immunization, illustrating the immunological variability of wild-type animals. These results indicated that RGDS-Q11, Q11, and mixtures of the two were minimally immunogenic, an important finding given that the RGDS sequence has in some cases enhanced the immunogenicity of other peptides [57, 58] , and multivalent repetition of epitopes can lead to strong B cell responses [28, 59] . Owing to the minimal levels of anti-peptide IgG found in the experiments described here, neither of these two processes appeared to be significantly engaged for the Q11-based peptides tested. However, the single mouse from the RGDS-Q11 group showing a small but measurable anti-peptide IgG titer indicated that there is a potential for self-assembled, ligand-bearing, fibrillar peptide materials to interact with the immune system to some degree. Interestingly, even though one mouse from the RGDS-Q11 group showed a positive response, no positive responses were found in mixtures of the RGDS-Q11 peptide with Q11. A larger study will need to be conducted to determine the extent to which the density of RGDS on the surface of the fibrils affects immunogenicity. Further, it is not known what impact, if any, low levels of anti-peptide IgG production may have on the various biomedical applications envisioned for these materials, including scaffolds for regenerative medicine or coatings for implants. It is possible that some degree of anti-peptide IgG production may be tolerated in such settings, especially if the materials' lifetime is limited by its degradation. Currently, these aspects are not well understood and will need to be clarified through future work as these materials progress towards clinical applications. Nevertheless, the findings reported here for RGDS-Q11 and Q11/RGDS-Q11 mixtures are to our knowledge the first direct evidence of ligand-bearing β-sheet fibrils demonstrating low immunogenicity. Coupled with their non-cytotoxicity, modular construction, and ability to display different ligands without significantly altering viscoelasticity, this builds a strong rationale for further developing these peptides and related peptides for in vivo applications, including scaffolds for regenerative medicine and bioactive coatings for biomaterials.
CONCLUSIONS
We report here a co-assembling set of peptides based on the sequence of Q11 that form integrated hydrogels, where the display of multiple ligands may be adjusted simply by mixing different peptides in solution and inducing gelation. RGDS-Q11 and IKVAV-Q11 were quantitatively incorporated into background gels of Q11 in a wide range of peptide ratios, and ligand incorporation had no significant impact on fibril morphology or secondary structure at levels capable of influencing HUVEC behavior. Gel viscoelasticity was minimally changed upon ligand inclusion, allowing ligand incorporation to be adjusted independently of gel mechanics. Both RGDS-Q11 and IKVAV-Q11 were presented on the surface of co-assemblies with Q11, and these ligands modulated HUVEC behavior in vitro. RGDS-Q11 significantly affected HUVEC attachment, spreading, and proliferation, while IKVAV-Q11 had a small effect on cell attachment and a subtle influence on cell morphology. Scrambled peptides for both RGDS and IKVAV abolished these effects, indicating that these responses were specific, even in serum-containing medium. Finally, none of the peptides investigated were cytotoxic, and Q11 and RGDS-Q11 were minimally immunogenic in mice. We anticipate that modular strategies such as the approach reported here will become increasingly important in designing biomaterials that are both complexly bioactive and tunable. Quantitative bulk co-assembly of Q11 with RGDS-Q11 (a) and IKVAV-Q11 (b), as determined by comparing peptide ratios in gels with those of their corresponding pre-gelled peptide solutions using HPLC. The dotted line represents perfect matching between gels and solutions. Means ± SD with 9 gels represented per panel; 3 independent gels for each formulation. Oscillating rheometry. Frequency sweep (a) and statistical comparison of multiple gels at 1 Hz (b). G′ (filled symbols) and G″ (open symbols) are shown for Q11 (•, ○, blue, labeled "Q" in (b)), 10% RGDS-Q11/90% Q11 (▼, ▽, green, "R"), 10% IKVAV-Q11/90% Q11 (■, □, red, "K"), and 5% RGDS-Q11/5% IKVAV-Q11/90% Q11 (◆, ◇, gray, "R/K"). All gels had 30 mM total peptide. *p < 0.05 by ANOVA with Tukey's HSD post-hoc test. Means±SD; n=3 independent gels per group. Ligands were displayed on the surface of Q11 fibrils, as evidenced by the labeling of biotinylated ligand-bearing peptides with streptavidin-colloidal gold. Q11 fibrils showed minimal background gold staining (a), whereas 10% biotin-RGDS-Q11/90% Q11 (b), 100% biotin-RGDS-Q11 (c), 10% biotin-IKVAV-Q11/90% Q11 (d) and 100% biotin-IKVAV-Q11/90% Q11 (e) bound significant levels of avidin-gold. HUVEC behavior on Q11 gels. Attachment (a) and spreading (b) at 1 h (n=4 independent gels; means±SD). Cell numbers (c) at 64 h (n=5, means±SD). *p < 0.05 by ANOVA with Tukey's HSD post-hoc test. Phase contrast images of HUVEC cultures at 64 h on Q11 (a), fibronectin-adsorbed Q11 (b), 10% RGDS-Q11/90% Q11 (c), 10% RDGS-Q11/90% Q11 (d), 10% IKVAV-Q11/90% Q11 (e), and 10% VAKVI-Q11/90% Q11 (f). Phase contrast images of HUVEC cultures on Q11, 10% RGDS-Q11/90% Q11, and fibronectin-adsorbed Q11 (FN) at days 1,2,4, and 7. Cytotoxicity (a) and immunogenicity (b, c) of Q11-based peptides. In (a), controls included no peptide ("n"), dead cells fixed with ethanol ("d"), and medium only (no cells, "m"). *p < 0.05 compared to no peptide control by ANOVA with Tamhane's T2 post-hoc test (n=6, means ±SD). In (b) and (c), IgG titers against the injected peptide fibrils were measured by ELISA on plates coated with adsorbed peptide (b) or with peptide bound via streptavidin-biotin (c). Controls: PBS injection (negative) and OVA peptide in CFA (positive). See methods for determination of titers. Lines represent average titers for each group, and each data point represents an individual mouse.
